Metal oxides and nitrides are widely used in many applications as a result of their high mechanical, chemical, and electrical properties. In high temperature thermoelectric applications, oxides and nitrides exhibit high thermopower and thermal stability. Moreover, most oxides and nitrides are consisted of earth abundant elements, which are non-toxic, cost effective and easy for large-scale synthesis. In this article, we reviewed the recent advances of metal oxides and nitrides and their applications in thermoelectrics. The materials that are examined include both p-type semiconductors (e.g. Na CoO , Ca Co O , GaN) and n-type semiconductors (e.g. ZnO-based, SrTiO , InGaN, InN). This study is focused on the temperature dependent thermoelectric transport properties of oxides and nitrides aiming for reaching a high power factor.
Introduction
It is evident that thermoelectric (TE) devices are the important advancement in the renewable energy field. They are able to directly convert heat into electricity via the Seebeck effect, which could take [1] [2] [3] advantages of the waste heat generated by various processes. Factories, homes and even the human body can be used as heat sources for TE devices. However, the biggest challenge standing in the way of TE devices is the suitable materials with high power factor, an indicator of a large voltage with high current will be generated using TE devices. So far TE devices have mainly been limited to niche applications such as power generation space and medical devices, where the benefits of a stable energy source are [4] [5] [6] worth the high cost and low efficiency of typical TE materials. There are hopes of using TE devices for broader applications including electricity production in rural areas, enhancement of solar panels, energy recovery from the exhaust pipes of cars, and wearable [7] [8] [9] flexible devices. However, the use of TE devices will not become widespread until more efficient, environmentally friendly, and cost effective TE materials are produced.
There are several factors to determine the quality of materials for TE applications, which have been combined into one parameter called the figure of merit, zT.
where S is the Seebeck coefficient, σ is electrical conductivity, T is absolute temperature, and κ is thermal conductivity, which includes both electron and 5, 10 lattice thermal conductivity. A high Seebeck coefficient, high electrical conductivity, and low thermal conductivity are ideal for TE materials. This combination is challenging because electrical and themal conductivity often go hand in hand, as stated in the Wiedemann-Franz law, so improving one parameter often 1, 10 simutantlously improves another property.
Ideal TE materials should scatter the movement of phonons, the major heat-carrying component of a material, while allowing charge carriers, electrons 11 and holes, to flow freely.
For TE power generation, it is important to look at power factor 2 12 (PF), which is defined as S . PF indicates the voltage output under σ a certain temperature difference. It is urgent to search for high PF TE materials as most of current TE materials have achieved the high zT value owing to their low thermal conductivity, which does not ensure that it will be able to produce a large amount of power. Therefore increasing the power factor should be a major goal in the development of new TE materials for power generation, but making sure the figure of merit 13 remains fairly high is still necessary.
To this end, we focused on reviewing the recent advancement in GaN, since these materials typically have large PF. The temperature dependent TE transport properties of these materials are summarized and analyzed.
TE Properties of Oxides Materials
There is a promising opportunity for metal oxides used as TE materials because of their non-toxicity, cost effective, and high 11, 22 thermal stability compared to conventional TE materials. Also, by altering their crystal structures and chemical compositions, electronic properties can be manipulated from insulator to metallic 23 conductor behavior, which leads to a higher power factor. Waste heat sources are often free and unlimited, so materials with high power factor are more important than figure of merit for many TE 5 power generation applications. The following sections review the TE properties of the most common n-and p-type of metal oxides materials.
N-type Oxides 2.1.1 ZnO-based
The direct band gap of Zinc oxide (ZnO) is reported as 3.37 eV, 24 which also shows large exciton binding energy of 60 meV. It is a promising candidate for n-type TE material used in high temperature [25] [26] [27] energy harvesting.
The study showed the PF of bulk ZnO to be
about 0.75×10 W/mK at carrier concentration (n~10 cm ) at room temperature. The high PF can be attributed to the high crystal quality, which resulted in a favorable Seebeck coefficient (~478
Although pure ZnO already has high Seebeck coefficient, significant enhancement of TE power factor and Seebeck coefficient 29 30 is reported with Ga and In-Al doping. As shown in Figure 1 , the P-type doping of ZnO has been found to be very difficult. Ideally, group-I (Li and Na), group V (N, P, As, Sb and Bi), and group IB (Cu and Ag) elements could be p-type dopants. However, it is still very challenging due to the stability and reliability of p-type 31 ZnO.
SrTiO 3
Strontium titanate (SrTiO )-based perovskite oxide materials have 3 shown potential applications as n-type TE materials at low 32 temperature. Nag et al. reported that at high doping concentration 21 -3 2 -1 -1 2 -(n~10 cm ) and its high electron mobility (10 cm V s to 100 cm V oxygen vacancies or substitutional doping of Sr or Ti sites with higher valence elements will change the electrical conductivity of 35, 38, 39 SrTiO from insulating to metallic behavior. Na CoO has a hexagonal layered crystal structure formed by during p-type conduction, whereas the disordered Na layer provides the channel for phonon movement. Thus, this type of layered structure will simultaneously provide high electrical conductivity and low thermal conductivity, which is referred to as "phonon glass 3 3 electron crystal" behavior, an ideal combination for TE applications. Therefore, it has been recognized that p-type alkali 43 cobalt oxides as highly promising oxide TE materials. The study -4 reported polycrystalline Na CoO exhibited a high PF of 14×10 Ca Co O is also a promising p-type oxide because of good electrical 3 4 9 47,48 properties. Ca Co O has stacked crystal structure that CoO and Seebeck coefficient. The PF of Ca Co O is much smaller than that of 3 4 9 Na CoO at 300K, but Ca Co O is being more commonly used in TE 
TE Properties of Nitrides Materials
III-nitrides are used in a wide variety of applications, such as lightemitting diodes (LEDs), optical and electronic devices, and 22 ultraviolet (UV) detectors. These materials are considered for TE applications for a variety of reasons, including low material cost, high thermal stability, high mechanical strength, and radiation 55, 56 hardness. III-nitrides also generally can be alloyed or nanostructured during the fabrication process, which allows the ability to [56] [57] [58] tune TE properties.
Due to the wide bandgap property in many N based materials, III-Nitrides can maintain a high Seebeck coefficient at high temperatures without the excitation of minority carriers and 22, 59 the loss of the n-or p-type character of the materials. With this array of unique properties and fabrication possibilities, III-nitrides offer a promising solution for developing viable TE devices that would operate at high temperatures, where most current TE materials 60 are limited to less than 800 K. The synthesis methods and quality of nitride-based materials are continually improving due to their 22 usefulness in a variety of applications. The following sections review the TE properties of the most common n-and p-types of IIInitride materials and their notable alloys.
N-type Nitrides 3.1.1 InN
Indium nitride (InN) can be considered a third-generation semiconductor material which has only recently gained increased 61 interests. InN has a band gap of 0.7 eV, which displays good electrical conductivity even at intrinsic carrier concentrations. Similar to GaN, InN has a wurtzite crystal structure with lattice constants 3.574Å and 5.704 Å for a and c, which are higher than 62 GaN due to indium's larger atomic mass.
A reasonable estimate of the maximum Seebeck at 900K can be obtained using InN's band gap of 0.7 eV, yielding a value of around 390 μV/K.63 Figure 5 shows electrical conductivity versus temperature for three Fermi level values of 0.108 eV, 0.025 eV and material to have a large electrical conductivity. The lattice conductivity has not been extensively studied, however due to its larger discrepancy between constituent elements, one would expect its thermal conductivity below that of GaN. We do observe a reduction in lattice thermal conductivity from InN at room temperature, however the reduction is only on the order of 3-4 times 65 that of GaN. In Figure 6 , the zT is shown for bulk InN as well as for InN nanowires with varying diameters. The largest zT value of 1.6 is obtained for the 6 nm nanowire at 1000K, which is much larger than the value at room temperature for this same structure. This shows indium nitride's potential for high temperature TE applications through the use of nanostructuring, which reduces 66 dimensionality to increase the overall figure of merit.
InGaN
Indium gallium nitride (InGaN) is a ternary alloy semiconductor that has the same wurtzite crystal structure as GaN and InN. InGaN combines the properties of InN and GaN, arising from the ability to substitute In atoms in place of Ga atoms, or vice versa. InN has a band gap of 0.7 eV, but upon replacing a fraction (x) of Ga atoms with indium atoms, In Ga N has a band gap that varies between 3.4
1-x x eV and 0.7 eV. This change in band gap will directly affect the Seebeck coefficient and therefore the overall TE performance of the materials. The effect on electrical conductivity is not obvious, however the thermal conductivity will decrease due to the addition of an element with a different mass. Figure 7 shows the TE transport properties versus temperature, 19 -3 assuming a carrier concentration of 1.1x10 cm and a 0.17 InN 67 fraction. The power factor increases with the temperature increases due to the enhanced Seebeck coefficient. However, both electrical and thermal conductivity drop as temperature is increased. The trend for Seebeck coefficient versus temperature is common for most materials. Also, the reductions in both electrical and thermal conductivity due to the increase of phonon scattering as the temperature is raised. At a temperature of 875K, zT attains a maximum of 0.34, showing InGaN's applicability for high temperature TE applications.
AlGaN
The high temperature TE properties of AlGaN have been described 68 in several studies to date. Sztein et al. reported a simulation work on InGaN TE properties by using Callaway's approximation in 69 tandem with a virtual crystal extension developed by B. Abeles, as shown in Figure 8 . As the temperature increases, as one would normally expect, the thermal conductivity, , decreases. However, κ 70 Liu used Callaway's approximation for calculating the thermal conductivity, and it shows different results than expected. More investigations are needed to further explore the fundamental mechanisms.
With a higher concentration of Al, we observe lower thermal conductivities generally due to the mass discrepancy in the three constituent elements (Al, Ga, and N), as shown in Figure 8 . The increase in zT as the concentration of aluminum (x) is decreased. However, the TE properties of AlGaN are not as promising as that of InGaN due to aluminum atoms being smaller than indium atoms, thus providing a smaller reduction in thermal conductivity. Gallium nitride (GaN) typically has a wurtzite crystal or, under some 72, 73 growth conditions, a zinc blende crystal structure. The lattice 61 constants of GaN are 3.186 Å and 5.186 Å for a and c, respectively. GaN has a large band gap of 3.4 eV, which is ideal for TE 74 applications at higher temperature ranges. In Figure 9 , all the materials attain their highest absolute value of the Seebeck coefficient at lower carrier concentrations, with a decreasing trend. They all display p-type behavior, which can be seen from the values
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of the Seebeck coefficient in Figure 9 . Lu et al. reported the highest Seebeck value for thin film Mg-doped GaN to be around 850 μV/K, while for bulk GaN the highest values is around 300 μV/K. The highest zT that was reported for a GaN structure was 17 -3 0.8598 at a carrier concentration of 7x10 cm at 300K in the rough 18 InN/GaN core shell nanowires. The lattice thermal conductivity dominates the thermal conductivity of materials at this low carrier concentration. Even though gallium has five times the atomic mass of nitrogen, bulk GaN has a relatively high lattice thermal conductivity at room temperature of several hundred W/mK, which 75 is due to the fact that it only has two constituent elements. However, at higher temperature, increased phonon scattering causes a drastic reduction in lattice thermal conductivity. Wu et al. 19 -3 discussed that when the doping concentration reaches 1x10 cm , theoretically zT could reach 1.713 at 1000K,18 indicating that there is a possibility for this structure to be a good TE material at high temperature.
CrN
Chromium nitride (CrN) exhibits a high power factor and an intrinsically lower thermal conductivity due to the rock-salt crystal structure, which provides a resonant boding effect. This results in a low thermal conductivity. There are limited studies on p-type doping CrN, however, one promising p-type CrN material was reported 76 using Al as a dopant. Seebeck coefficient value around 140 μV/K in the 400-600K. However, at room temperature and 773K, the Seebeck coefficient values were low (~100 μV/K). The electrical resistivity decreases from around 30mΩ·cm at room temperature to less than 5mΩ·cm at 2 773K as shown in Figure 10 . The PF value is 0.37 mW/mK at 773K. 
Summary
Recently many advances have been made in metal oxides and nitrides based TE materials for power generation through waste heat harvesting. Both oxides and nitrides offer highly promising solutions for the development of non-toxic and cost effective TE power generation devices. The best n-type oxide material is Sr La TiO other hand, finding nitrides materials with good TE properties still remains challenging as discussed before. Although oxides and nitrides have both shown promises and improvement as TE materials, there are still many challenges that must be overcome before they can be used commonly for power generation. The figure of merit is still lower than that of several other state of the art materials, such as Bi Ti , SiGe. Additionally, finding
